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ABSTRACT 


This report sumouir izee the propeller propulsion Integration (PPl) 
study conducted under this grant i The w«>rk In continuing under the Lewis 
Research Center direction. A bibliography has been compiled of all 

I 

readily available sources of propeller analytical and experimental 
studies conducted during the 1930 through 19b0 period. A propeller tent 
ntand was developed for the measurement of thrust and torque chnracter- 

I 

istics of full scale general aviation propellers and Installed In the 
LaKC 30 X 60 foot full scale wind tunnel. 

A tunnel entry wan made during the January through February 198U 
period. Several propellers were tested, but unforseen difficulties with 
the shaft thrust-torque balance severely degraded the data quality. 
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I. INTROPUCTION 


Th« Propeller Propul «lon Integration (PPI) renearch program, Initiated 
In April 1977, under this Grant NSG 1402, was eatabllahed to help the 
general aviation InHuatry dealgn propeller propulalon ayatems. There 
Itaa alwaya been concern about the lack of definitive experimental data and 
of uaeable analytical methoda to define the interactlona between propeller 
and the airframe. 

The eacalatlng coat of fuel haa placed IncreaMt-d omphaala upon the 
fuel efficiency of ge.neral aviation aircraft. The increaalng level of 
sophlat Icat Ion of the panel methoda for the analyala of flow about wlnga 
and bodlea haa made poaalble the proapect of being able to uii>del the complex 
propeller /alrf rame Interaction problem. Thua, the I’Pl program was Initiated 
to carry out a act of experiments which would establish a data base for the 
definition of interference effects and for the validation of analytical 
methods. After each wind tunnel experiment, comparisons arc to be made 
between theory and experiment. 

To carry out these objectives the PPI overall research program can 
be summarized in tite following major steps. 

1. Define state-of-the-art of General Aviation Propulsion System 
Design (Phase Zero). 

2. Define General Aviation Isolated Propeller Characteristics 
(Phase 1). 

3. Define General Aviation Propel ler /Nacel le Interference Charac- 
teristics (Phase II). 


4. Dvfln* C«ntfr«l Avl«tlon Propel lrr/N«crll«/WlnK/FuMcl«KC Inter- 
fervtw;* Character l»tic« (Phane III). 

5. Ot^vulop Analytical Propul alon Integration MetluHia for General 
Aviation Aircraft Design (Phase I through Ptuise IV). 

Pliasv Zero wan a review of the state-of-the-art In terms of current 
design practice, ai^. a determination of tiuluHtry design requirements and 
recommendations for program emphasis. A detailed account of the discus- 
sions with Industry design tcsms Is reported In Keference 1. 

The Intlustry state-of-the-art design process la best represented as 
table look-up methods. One or more catalogues, such as the Mamlltun 
Standard "Red Book" or the "Gray Charts," which list Isolated propeller 
performance characteristics In terms of geometric parameters, aie used 
to select propeller candidates. Perform.ince flight test measurements 
are then used to make the final choice. In most cases, little account 
Is taken, either during the airframe design stage or during propeller 
selection, ot the Interference between propeller and airframe upon the 
predicted Installed propulsive efficiencies. Tills Is due to the absence 
of suitable design data and practical analytical tools. 

A comprehensive review of the literature has been undertaken also as 
a part of Phase Zero and is Included In this report as Appendix A. l>ver 
one thousand reports and papers have been Identified which relate to 
propeller design or selection, but, few ot these consider the mutual 
Intluence of propeller and airframe. Nt>ne considered the geometry peculiar 
to contemporary flat engine designs with asymmetric blockage-are i distribu- 
tion around the propeller shaft. Some Insight can, however, he gamed 
by analysis of the available data. Figure 1 , which was obtained by a plot 
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of Keftftcnce 2 (jjita, showH clearly the influence of an aftrrbixly on 
apparent propeller efficiency, which becoaea greater than 1 with a 
blockage ratio, (a/D) , over 0.3. The net efficiency, which la directly 
proportional to the available thruat power decreaaed dramatically ao 
that the net Ihruat available for propelling the airplane is greatly 
and adveraely affected by a blunt afterbody even though apparent propel- 
ler efficiency la over lOOZ. Figure 2 alK)WM data for a alnple stream- 
line afterbody shape and the effect is leas pronounced. The influence 
of thruat line displacement and thrust line angle relative to a wing 
chord Is shown in Figure 3 . The data shows a maximum variance of 10 
percentage points for a 13Z displacement of the thrust line and 3* thrust 
line angle. Thus, the thrust line location and angle are also quite 
important in determining the net efficiency of the propulalon system. 

All of these effects upon propulsive efficiency need to be explored 
further througli experiment and analysis. 

The goal of the PPI research program is to develop such design data 
and analytical tools. This goal is to be attained through a combined 
program of wind tunnel Investigations in the NASA Langley 30' a 60* Full 
Scale Wind Tunnel and the development of appropriate analytical design 
methods. Where possible, spcciilc tests or analyses are to be performed 
to bring Into use results generated frexn previous Invest igat lone during 
the 1930 'h and 1940's involving primarily radial engine configurations. 

In the Phase I program, a Propeller Test Stand (PTS) , for use in 
the full scale tunnel, was designed and fabricated. The test stand is 
shown in Figure 4 and the installation In the full scale tunnel is shown 
In Figures. The Propeller Test Stand Is capable of testing full general 
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aviation propellers using a variable frequency electric drive. The 
propellers can be operated over a 10 degree angle of attack range. A 
thrust/torque balance Is used to measure shaft thrust. The FTS is 
attached to the wind tunnel balance to measure total forces. The 
first tunnel entry was made during the period January through early 
H.irch 1980. The goal of this entry was to develop the Isolated propeller 
baseline data lor future airframe Interference tests. A family of 1) 
test propellers were selected and arrangements were m.ide to acquire *:he 
propellers at no cost to the program. The propellers and first entry 
test plan are described In Koferene'e 3. Comparisons were to he made 
between the measured data and a current analytical propeller model. 

This report sununarizes the first wind tunnel entry for Phase I of 
t ^ study. At this point the management of the Pl’I investigation 

wa«i • .nsferred to the Lewis Research Center under Crant NAG-3-5h. The 
LeRC Grant was supposed to conduct Phase II of the PPI study, but due 
to unforseen shaft balance problems, tl»e Isolated propeller tests will 
also be repeated using an abbreviated test program. Phase II, is 
designed to explore propeller/iuicel le interference effects. Tlie PTS 
developed during Phase I will be used for this experiment. Two nacelle 
shapes are to be considered; a single engine nacelle. Figure 6, and an 
axisymneCr Ic body. Figure 7. The shaft thrust Is to be measured along 
with body pressure distribution and wake surveys. A critical survey of 
analysis programs available for the analysis of propeller performance 
In a nonuniform flow field and of the interaction of a propeller slip- 
stream upon an airframe will be made. Comparisons will be made between 
the analytical methods and data oftalned from the PPI wind tunnel 
experiments and other sources. 
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Pha«i« III, la Che final exper iaeiical atep in the development of a 
more complete underatanding of the propellor/nacelle/wltig/fuaelage 
Interference problem. It ia contemplated tliat the PTS will be utilized 
aa ahown In Flgurea 8, 9, and 10, for ihla '*xperlment. Thla teat atund 
will be quite flexible and c.npable of a wide range of conf Igurat Iona. 

Phaae IV la contemplated aa an attempt to optimize the propeller/ 
airframe configuration for overall aircraft efficiency. In thla caae, 
the analytical methoda will be need to define a configuration (Ref. 4), 
and the experiment conducted for verification. 

Thla report dcacrlbea the detaila of the propeller teat atand and 
examinee the data obtained In the flrat entry In the LaRc 30 x 60 foot 
full scale wind tunnel. The teat atand la capable of a wide range of 
propeller experlmenta aa outlined in the PPI overview. Further develop- 
ment of the prop shaft thrust-torque balance la required to full exploit 
the concept. 
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2. PRiiPELLCR TLw>; ^TAND DeVBU>PMI::NT 


2.1 Teat Stand Uv-algn 

In Chapter I the three propeller teat programa defined for the PPl 
inveatlgat ton were deacribed. A atudy waa undertaken to detenaliu- the 
beat configuration fur a propella; teat atand which would allow theae 
three atudy aogmenta to be conducted ualng a alngle drive «utor aupport 
conf Iguratlon. Other dealgn conaiderat Iona were. 

1. Utillaetwo CPK 266 horaepower variable frequtMtey electric 
muto”a connected In canden aa the propeller drive motora. 

2. Propeller angle of attack range -10 to ^20 degree. 

3. P-<.'>r aupport atructure muat alninilce interference with 
propeller flow field. 

4. Sytiten muat be capable of being mounted within a Piper Chieftain 
nacelle. 

i. PTS muat be mounted on the 30 x 60 foot wind tunnel force 
balance to meaaure total forcea. 

Figure 4 shows the configuration whlcli waa developed to aatiafy the 
apeclf icat ions outlined above. To minimize propeller Interference 
effects, to minimize propeller vibration levels, and to case angle of 
attack citange mechanism dealgn difficulties, a steel cantilever beam 
structure waa chosen. 

The propeller teat stand includea six pieces of structural hardware. 
These are the motor case, the motor case cradle, the mast, the mast 
fairing, nacelle, and the sector fairing. The motor case, cradle, 
nacelle, and sector fairing carry the aorodyn.imic loads on the propeller. 
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I'K'irEIJXR ri.,.x ni,vn‘«-ni t.i’ 

.M i\'!if JU.iiu4 iKu4’,ii 

III riiapti'r I ilK thioo pt’o|H'llt>r tf.it di'lftitd t.*r tlo m 

invotii i}',at ion woro ilcHorilnni. A HUuiy w.oj muU itakou to dt'ti'i.iim Ha' 
bt'tU eout if'iirat ion for a ptopolU'v tom man! whioli ’scould allow Hiono 
thu'o !itvuiy !io>'!;un\t;s to bo oonduoted uoiin’ a riin),-.!!' drivo niotor runn it 
oiuit ImuMt loa. UUier Jojdy.n oonaidorat ion*; vno. 

1. I'tUi.’.o two tJFE luu'iK'Fowor vaiiahlo lroqm'iu*y I'h'i trio 
moto*’}j oouuo.’Lod in tandom at! tho propollor drivo liotora. 

d. ProjH'lior aiijtlo ol attack rauF,o «>ld to 4.10 di'F.too. 

3. Fo as iuipport otnuuuro mnat minoii.’i int orit'rinu'o with 
propolior i lou i sold. 

a. Hyatou siusat I'o capable oi boinp, mouof.d within a Piper Ohioitaiis 
naci'l lo. 

3. Pt.S imuit I'o mount od on tho 10 bO toot wird. tuniiol loivo 
balanoo to moai.siiv total tot coo.. 

Fiput'o a ohowii t hi lonf ipitt'at iott which wais dociiopod to f;atit.*\ the 
.spec it icat iona outliUi'd above, To rainimiao ptopellot iiit orl etvnc»> 
eftov't,*'*, to ralnimiae propeller vibration level:., and to ea:.o anp.lo ol 
attack chanpe inechaninm denign diff ieult ie?;, a .atei'l cantilever beau 
ra.nicture waa choaen. 

The propeller tost atand includeH six piecea oi fUrnctuiMl liardware. 
These are the mt'Lor care, the motor ca'v eradle, the mast, the ma.m 
Pairing, nacelle, and the seetor lairing. The meter east*, eradlc', 
naeelle, and sector talrinp carry the aerodynamic loads on the propt'ller, 
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and attctor (atrtnc ttirough th« iu«t to the wind tunnrl balanr* 
■yatra. Th« avrudyniUilr londa on th« imhi arc ahlvlJod frua tli# wtnJ 
tunnwl balaiwa by th« Mat (airinn which !■ cant ll«v< red frtw the tunnel 
floor Independently of the balance ayatea. 

Figure 11 altowa the ateel atructurr of the PTS. An electric Jack- 
acrew wau uaed to vary the angle of attack (AOA) while the tunnel waa 
operating. To eiiaiirc a fall-aafe dealgn a counterweight waa added to 
the atructure ao tluit the a4>tor ayatem wtmld pitch up to preclude the 
propeller froa atriklng the aupport column 11 the jackacrew ahou^.'i ^all. 

The Mxlnua dealgn torque and thniat developed by tlie propel lera 
are 600 Ibl thruat and 4200 In Ibf torque. At a aperd of 500 RFM and 
an angle of attack of 12 degreea a.iKlnum harmonic variatlona of 180 Ihf 
In thruat and 6360 In Ihf In yaw aoaent arc eatlmated. The atructure 
muat safely support the static loads atui must not be excited to vibrate 
by the harmonic loads. To accompllah this It waa decided to design the 
mast strong enough to support the static loads hut flexible enough so 
that the lowest exciting frequency of 17HZ (500 KPM for a two blade 
propeller) would be well above the natural fretpiency of the system. 

The natural frequencies of bending and torsion were found to be 3.5HZ, 
6.18HZ, and 6.?HZ. These were calculated asHuming a rigid support (the 
balance system Is not rigid so the frequencies are actually lower tlian 
tiiose calculated), no aerodynamic or structural damping, and the mass 
of the mast was neglected. The suiss on the end of the mat- in about 
seven times the mast mass so one vx^uld expect little influence on the 
natural frequencies due to the mast mass. However, a lumped mass anal- 
ysis including the mast mass was made to confirm this assumption, and 
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11 produced th« ••MM frcquenclc* «• above. Cu«pleta detalla of the 
•tatlc and dynaalc atructural analyala of the PTS are tlven In 
Appendix B. 

Structural detaila of the support column of the PTS la given In 
Figure 12. The atructure waa conventional welded atevl plate conatrur* 
tlon. Fapeclal care waa taken to weld the structure in steps to mlni- 
■Ite warping. The details of the motor support structure la given In 
Figure 13. The drive motors were encased In a 0.3 In. steel tube, thus 
the atructure was not required to align ttie isotora, but rather transfer 
the motor weight onto the support column with a minimum distortion. 

Also the Bot)r support structure was constrained to mlnlmlte the cross- 
settlniral area of the nacelle. Also the structure was ori| irally required 
to fit Inside a Piper Chieftain nacelle. This design requirement was 
followed for the counterweight design. 

The dutolls of the nacelle atructure are given In Figure 14. The 
nacelle was configured to ninimixe the Interference with the propeller 
flow. The nacelle was constructed using standard aluminum structural 
practice. The tail cone was constructed of fiberglass to achieve the 
desired stupe. The nacelle was attached to the motor support structure 
at only twit points to allow the installation of a nacelle force balance 
at a later time. The upper half of the nacelle atructure carries all 
of tlie loads with the lower half dlvidcrd into two paits for case of 
assembly and access. 

Figure 15 shows the fairing constructed to shield the support 
column from the tunnel flow. The fairing was constructed of aluminum 
in two parts to allow easy erection and access to the Jackscrew motor, 
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power cables, and instrumentation llnea. A two segment fairing was 
designed to ensure the Intersection between the nacelle and the support 
column remained a low drag configuration over the -lO to -f20 degree 
AUA range. The constraint was for the fairing to clear the support 
column when the propeller was at ^20 degree and yet fill the gap when 
the propeller AOA was >10 degrees. Tlic sector fairing is attached to 
the motor support structure, thus the forces on the sector fairing are 
measured by the wind tunnel external balance. The sector fairing was 
constructed of 0.123 soft aluminum plate and contoured using a segmented 
welded apptoach. 

2.2 Structural Vibration Analysis Summary 

This section summarizes the vibration analysis of Mic PI'S given in 
Appendix U. The initial study showed that the stresses in the structure 
were well below the allowable except the bolts which attach tt\e PTS to 
the wind tunnel balance frame. These bolts do not have sufficient strength 
to withstand the loads Induced on them for the case of the loss of a pro* 
peller at speed. The remainder of the structure can withstand this con- 
dlt ion. 

The mast used to support the propeller test drive motors must be 
cantilevered from the balance table and offer minimum wind resistance. 

It was also desirable that the mast be tapered to minimize mast thick- 
ness at the motor attachment location. A mast height of about fourteen 
feet was required to place tl\c propellers at the centerline of the 
tunnel . 

The maximum anticipated loads expected for the most extr»^e test 
cases were 600 Ibf thrust and 290 ft. Ibf torque steady leads. The 
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weight of the motors and atruclurc when added to the applied propeller 
loads gave a loading which was not severe for a design with even a 
modest cross-sect ion. Thus it was derided to clioose a design based on 
stiffness criterion rather than strength, since there was no over-riding 
reason for minimizing the «K>lght or sire of the beam. The approach was 
to design a beam with natural frequencies well below the minimum 
expected harmonic excitations. This approach allows dynamic amplitudes 
somewhat greater titan static deflections, but the static deflections 
are small due to the smallness of the loads. The applied loads shown 
in Kigute B2 produced the bending moments, torque, and axial load distribu- 
tions for the analysis. 

Thu must deflections and rotations under the assumed *ouds were 
computed using Castigliano's Theorem. Using Cast igl Inno'is mrrhod the 
strain energy was first calculated from which the detlections and 
rotations were found as derivatives of the strain energy. A matrix 
formulation of the deflections and rotations in terms of the applied 
loads was made. If the mass of the mast is neglected aiui tlie equations 
of motion for the motor case - motor cradle - propeller and counterweight 
system are formulated, the natural frequencies of vibration esn be found. 
Solving the free vibration equations for the five natural frequencies and 
mode shape gives the following table. 
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MOI>K 

DESCRIPTION 

KREOl'KNCY (HE) 

MODE AMPl.miDE 

A H C I) E 

1 

i*t_*f**^ 

3.5 

6.77 0 0 .1 .031 


forv rtmi «ft 

I bond Im b. l8 0 .1 0 0 


tor It ton or 


3 

pitching mode 

0.2U 

1 .865 

0 

0 

.02766 

-.1 

4 

rolling mode 

3«i.O 

.0536 

0 

0 

.1 

.0004 

5 

yaw mode 

59.0 

0 

3.357 

.1 

0 

0 


Each mode has 

been normal iced 

to a maximum 

rot at ion 

of 

.1 radian. 



The for« and aft hciul Inti nkHic and tin* yaw hiuU* arc unooupli'd from t lu* 
lateral beiullnit, pltclilnn, and roll Inn modea. 

For a forced vibration analyaia, propeller loada muHt be converted to 
an equivalent force ayatem at the center of gtavity of the motor aahcmbly. 

At a apeed of iUO Kt’M there la a harmonic throat force of IMO Ibf and a 
hariBvinic yaw moment of blbO in Ibf with frequincv twice the rotational 
apeed for a two blade propeller. This condition occurs at an angle of 
att.icW of 1.! degrees anti la the loweat frequenev (17H/) eKcltarion expected 
otlier than an unbalance in tlie propeller ahatt. 17IIF. la well alH«ve the 
bending and torsion (requeue lea but is belt'w t be rolling and yawing 
trequencies. The maximum dynamic stress is at tlie base ot the m.ist and 
is J 16 psi which is very small. At the lowest propeller fre.uiency expected, 
the vibrational mvidea of the mast are not excited. The magnitude of the 
exciting loada arc also low which helps account for the low dynamic 
at r eases. 

The worst case of failure wmild be to lose a propeller blade while 
in operation. The maximum stress induced by this condition is ^iS.OOO pal 
which is greater than the yield stress but less than the ultimate stress. 
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It 1« poBHlblr that th« maiit would Iw^ld toK<^thcr until th« motorii could 
b« Htopped. The critical ctwnponcnt Is the mast holddowti bolts which 
would probably fail. 

2.3 Wind Tunnel Inscsllation 

Ths PTS was 1ns .il 1 in the l.aRC 3U x bU tiHtt full scale wind 
tunnel as shown In Figure 3. The steel sup|H>rt column w.is attached 
directly to the wind tunnel balance frame. The fairing for the support 
column was attached to the floor plane. Tlie electric im'tors were driven 
by a variable frequency master generator set. The nacelle angle of 
attack was controlled through the Jackscrew and sensed by an Inclinom- 
eter Installed on the motor support frame. 

2.<t Instrumentation hescrlpllon 

The test was coiwlucted using the LaKl' lull scale wind tunnel data 
acquisition systt'm. Tlie propeller t hrust-l orque balance output w.is 
transmitted through a slip ring to data lines Installed In the st.itlon- 
ary structure. The wind tunnel balance forces were recorded and proved 
to be the primary source of thrust data. The drive motor currentr w*'re 
monitored, but since the motor torque versus current relationship was 
not known, torque coitld not be delermliunl from this souice. Vibration 
accelerouiet era were Installed on the motor support structure near the 
propeller plane to monitor the vibration levels at the propeller thrust- 
torque balance. An automatic shut down system was installed to prevent 
divergence. 
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3. ENTRY I WIND TUNNEL TEST 


i.I Tent rrogr.ta 

A total of fifteen different propellera had originally bi*c>n 
aeleoted to teat in the NASA Langley Full Scale Wind Tunnel. Theae 
propellera are Hated in Table 1. The actual teat progr.-im included 
seven of theae propellers and conalated of 103 runa (each run being a 
teat of .1 particular propeller at a particular blade angle, angle of 
attack anil tunnel speed with the propeller speed variable during the 
run). Of these 103 runs only about half yielded useful information 
concerning propeller performance; the remaining runs were Judged unac- 
ceptable due to problems wliich will he discussed sls^rtly. Table 2 
lists the propellers, tunnel speeds and blade angles for wliich possibly 
useful >< itu was obtained. 

The large number of unacceptable runs was the result of several 
eipiipment related problems which were encountered during the tests. 
Approxinuitely bO runs were initially required to sort out the instru- 
mentation and obtain what was considered to be "good" data. Just as 
this status h.id finally been reached the propeller shaft bent during a 
run. After the shaft was repaired the program essenti.il ly started over 
ag.iin. A further 100 runs were made but these were plagued by urlft 
in the output of the thrust-torque balance. This was first observed 
as a change in the zero tunnel speed-zero propeller speed balance 
readings (or "zeroes") before and after a run. At least 20 runs m.ide 
after the sliatt was repaired are unacceptable because of a large cliange 
in the balance zeroes. Many more runs are of questionable use for this 
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Haniti reaaoii. There were alao sltuatlona when vibration of the propeller-* 
afterbody unit becarae exceaalve and forced a run to be stopped before 
the desired range of propeller speeds could be obtained. Finally, some 
data which initially looked acceptable turned out to yield meaningless 
results due to a mismatch In the size of the thrust-torque balance. 

That is, for lightly loaded or small propellers the loads generated were 
too small to be accurately measured bv the balance (which was designed 
for 1200 llis. maximum thrust). Therefore the results tor the Yankee 
propellers (configurations 7 and 8), for example, are not valid although 
the measurements themselves were not subject to excess vibration or 
zero shift. As a consequence of these various difficulties only n 
limited quantity of reliable data has been taken and only three propel- 
lers can be thought of as being reasonably we’. I -documented (configura- 
tions 1, 4 and 10). 

Further comments on the thrust-torque balance drift are appropriate. 
Several tests were made to establish the nature of the drift. Here the 
propeller and tunnel speeds were set at fixed values and the tlirust- 
torque balance output was monitored. An example of these tests Is shown 
In Figure lb where the thrust and torque of the Hartzcll 2-bladed pro- 
peller are plotted versus time. The continual decrease In measured 
output with time is quite clear. There were also instances when the 
test engineers observed sudden jumps in the balance output although 
these were not dociuuented. The reasons for these changes Is still un- 
explained. Ihe drift could, at times, he minimized or eliminated by 
running the propeller for 10 to 30 minutes prior to taking data for a 
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given run. This waraup procedure wna uacd In the latter atagra of the 
teat program with apparently Home surceaa. 


i.2 Reaulta 

Thu mvuaurcd quantltlea include the thruat , T, and torque, Q, 
acting on thu propeller aa obtained from the thruat-torque balance, the 
total force acting on th<* propeller-afterbody combination aa meaaured 
by thu tunnel acales, tlie propeller blade angle, d, the propeller rpm, 

N, and thu free atream air velocity, V^. MeaaurementH of tlie afterbody 
drug with no propeller along with a correction to the drag to account 
fur the propeller alipatream permitted the tunnel acalea data to be 
«iaed to provide a aecond and independent mcuaurement of the propeller 
thrust. F, .>m these measuremiM'its the advance ratio J, thrust coefficient 
C^, torque coefficient C^, power coefficient and efficiency tip are 
detunnincd. Figures 17 through 22 present C^, Cp and pp fur the 
McCauley 3-bladed prop (configuration 10) at b " 16*, 28* and 40* and 
for the basic Hartzell 2-bladcd prop (configuration 1) at the same 
blade angles. The open symbols refer to data entirely fnmi the thrust- 
torque balance; the filled symbols are for scales measured thrust. 

The thrust coefficients of the McCauley propeller (Figure 17) form 
reasonable curves with fairly small scatter and close agreement In the 
two measurement methods. The scatter and disagreement become greater 
at large values of J as the loading goes to zero. Here the noise and 
accuracy of the balances is the same magnitude as the thrust so the 
poorer behavior might be expected. The significance of the fact that 
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at t) ■ 16* tlir acale la all|(htly below the thruat-turqur balance 
while at 0 ■ 40* the altuatlon la reveraed la nut quite clear. The 
l>ower coefflclenta (Figure 18 ) (which could only be determined from 
the thruat-torque balance) alao form fairly Monuth curvea with little 
acatter . 

That probloma nuiy at 111 exlat becomoM more apparent when the 
efflclenclea (Figure 19) are ex.imined. The scatter la now greater 
(thougli the plotting acale nuikea the acatter appear worse than it la) 
and tlie disagreement between the two thrust meaHurlng technlqvea ia 
inereuaed, eapeclally for 0 ■ aO*. 'More serious, however, are the 
highly suspicious magnitudes ol the peak etficiencics which approach, 
and even exceed, tip • 1. Whetlier the thrust la being overestimated, 
the torque underestimated or both la not yet certain. 

Tite results for the Hartzell propeller are not aa go.nl , especially 
in terms of agreement between the two tliruat measur«.*ment methods, as 
tlie McCauley results. Figure 20 alutwa that there are substantial 
differences In as determined by the twv> methods for the entire range 
of J investigated, with the thrust-torque balance yielding consistently 
similler coefficients. There la also increased scatter in the curves 
for this propeller. The plots for Cp, on tlie other liand , (Figure 21) 
are reasonably amooth with sm.ill scatter. The scatter and disagreement 
of the Cp data are also reflected in the efficiency curves In Figure 22. 
One noticeable aspect of the efficiencies, however, is that, except for 
two obviously erroneous points, the maximum olflciencies are consider- 
ably smaller and more reasonable than the McCauley values. 


lb 


4. CONCLUSIONS 


Tli« propeller teat stand proved to be structurally sound and 
exhibited the predicted supercritical structural siodea. The unresolv* 
able thruBt~torque balance drift problems precluded a successful test 
of a range of full scale general aviation propellers. The following 
recommendations are made. 

1. Find tlie source of drift in the thrust-torque balance. 

2. Measure the electric motor torque-current relationship 
experimentally to allow an independent measurement of 
propeller torque. 
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Nacelle Blockage F.ffecte - Partial Streamlining 
(NACA Report 177, 1923) 



23 


Figure 3. Wing Position Effects (A.R.C. R & M 2374, 1950) 









Figure 6. Agvagon Nacelle Fairing for 
Propeller/Fuselage Interference Studies 






Side View of Preliminary Configuration 
for Propeller /Nacelle/Wing/Fuselage 
Interference Test Model 




It View of Preliainary Configuration 
Propeller /Nacelle /Wing/Fuselage 
rference Test Hodel 





Figure 10. Top View of Preliainary Configuration 
for Propeller/Nacclle/Vliig/Fuaelage 
Interference Test Model 
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Figure 15. Details uf Aluminum 
Support Column Wing Shield Fairing. 
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gure 18. Power Coefficient Versus Advance Ratio for the McCauley 3 Blade Propeller 




Figure 19a. Propulsion Efficiency Versus Advance Ratio for 
McCauley 3 Blade Propeller at a Blade Angle of 16*. 
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ire 19b. Propulsion Efficiency Versus Advance Ratio for the 
McCauley 3 Blade Propeller at a Blade Angle of 28*. 
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Figure 19c. Propulsion Efficiency Versus Advanc'- •aClo for 
McCauley 3 Elade Propeller at a Blade A;tglc of 40*. 







21. Power Coefficient Versus Advance Ratio for the Hartzell 2 Blade Propeller. 
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Figure 22c. Propeller efficiency Versus Advance Ratio for Che 
Harczell 2 Blade Propeller at a Blade Angle of 40*. 
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STRUCTURAL INTEGRITY REPORT 


Ttu* propellt-r tent project Includi'ii nix pU>cc5 of ntructur^l hartlwnrc 
(nee drawings). These are the M«>tur caec, the nk>tor case cradle, the inaet, 
the nuint fairing, nacelle, and the aector fairing. Ttte nuttor rnae, cradle, 
nacelle, and sector fairing carry the aerodynamic load on the propeller, 
nacelle, and sector fairing through the mast to the balance system. TItu 
nerodynanlc loads on thw mast are shielded from the balance by the mast 
fairing which Is cantllevared from the tunnel floor Independently of the 
balance system. 

Aerodynamic Loads 

Tlie maximum totque and thrust developtd by the propellers Is bOO ibf 
thrust and 4200 in Ibf torque. At a speed ot 500 Kl’M and an angle of attack 
of 12 degrees maximum haroKinlc variations of IRO Ibf In thrust and 6360 In 
Ibf In yaw m«iment arc experienced. Tlie structure must safely supi>urt the 
static loads and must not be excited to vibrate by the harmonic loads. To 
accomplish this It was decided to design the nuist strong enough to support 
the static loads but flexible enough so that the lowest exciting frequency 
of 17UZ (500 RPM for u two blade propeller) would be well above the natuiai 
frequency of the system. Tlie natural frequencies of bendlr>g and torsion were 
3.3HZ, 6.18HZ, and 6.2HZ. These were calculated assuming a rigid support (the 
balance system is not rigid so the frequencies arc actually lower than tliose 
calculated), no aerodynamic or structural damping, and the mass of the mast 
was neglected. Hie mass on the end of the mast is about seven times the mast 


BA 


mass so on« would expect little Influence on the natural frequencies due to 
the mast mass. However, a lumped suiss analysis Including the mast mass was 
made to confirm this assumption, snd It produced the same frequencies as 
above. 

The aerodynamic load on the nacelle at 20 degrees angle of attack Is 
about 400 Ibf of lift normal to the nacelle. The sector fairing Is parallel 
to the flow und has only small shear loads on It. The mast fairing would have 
a lift load of about 200 Ibf at one degree yaw angle (angle of ukCack) at a 
tunnel speed of 100 NPli. 


Analysis of Nacelle 

The uacelle Is a cylindrical shell stiffened with rings attached to the 
cradle at four points so that It approxlnmea a simply supported beam with 
a distributed load of 4U0 Ibf total over a span of r.ght feet. 

M - 4800 in Ibf 

I-jJ - r^2nrt - irr^t 

Mr M _ 4800 

" T " ‘ TTIoFTFsT 

0 ■ 305 psi 
°cr " S 

Tliua the actual stress 305 psl Is about A th of the bending stress which 

/D 

would cause buckling of the cylinder. 

Analysis of Mast Fairing 

The mast fairing is a rigid shell structure stiffened with ribs at two 
foot intervals. The chord is five feet nine inches and the span is approxi- 
mately fourteen feet. At a tunnol speed of 100 MPH and an angle of incidence 
of one degree, the symmetric airfoil would generate 210 Ibf of lift located 
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conservatively at aid span. This lift *#oiild produce a root moaent of 
17,640 In Ibf to be reacted by the front and rear spars (neglect bending 
strength of skin except over spar caps - conservative assumption). The 
moment of Inertia Is 84 In'* and 

MC 17.540 (7) _ 

0 ■ -j- ■ — * ft4 ‘ 1470 pal 

which la well below both the tensile yield and compressive crippling stress 
for the spar. Rather massive steel hold down fittings are att to the 

base of each spar cap by epoxy and by rivets. Tlieae fittings allow the 
fairing to be bolted to the floor of the tunnel to form a cantilever beam 
which surrounds the mast with a clearance of one Inch on all sides. The 
fairing deflection under a distributed 200 Ibf lift load Is less than ,03 
Indies so there should be no Interference between the mast and mast fairing. 

Analysis of Mast 

Tlic mast used to support the propeller test drive motors must be 
cantilevered from the balance table and offer minimum wind resistance. It 
was also deslreable that the mast be tapered to minimize mast thickness 
at the motor attachment location. Other design considerations were ease 
of construction, economy of construction, static response to propeller 
loads, dynamic response to harmonic loads induced by the propellers, and 
stress levels at critical points due to propeller loads. A mast height of 
about fourteen feet was required to place the propellers at the centerline 
of the tunnel. 

The maximum anticipated loads expected for the most extreme test cases 
were 600 Ibf thrust and 290 ft Ibf torque steady loads. TJie weight of the 
motors and structure when added to the applied propeller loads gave a loading 
which was not severe for a design with even a modest cross-section. Hius It 
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wa« decided to choose a dealgn baaed on atlffneaa criterion rather than 


r 


I 

r 

1 

I 

I 

I 


» ' 

> I 


atrength, alncc there waa no over-rldlng reason for minimising the weight or 
alsc of the beam. To withstand dynamic loads two approaches wore considered. 
First the beam could be made stiff enoug', so Its natural frequency was well 
above the frequencies of all harmonic loads. Tills would have required a 
muaslve cross-section. The second approach wan to design a beam with natural 
frequencies well below the mln^imih expected harmonic excitations. Tills 
.ipproacli allows dynamic amplitudes some%rliat greater than static deflections, 
but the static deflections are small due to the smallnesH of the loads. 

Several cross-sect Iona were analysed with O.S Inch and 0.37) Inch steel 
plate being considered for structural material. Tlie final design dlmenslonn 
will be used to explain the analysis procedure used to determine the 
frequencies of vibration and the stresses in the roast. 


Diroenslons of Mast and Internal Lo.ids 
The roast Is a tapered box beam stiffened with bulkheads (Figure 1). 

It has base dimensions of 20 Inches by 11 inches and a top 20 Inches by 
3.6 Inches. Dimensions of 20 Inches by 3.5 Inches were used In the analysis 
and later changed to 20 Inches by 3.6 inches to pnxluce an Integer number for 
the taper ratio. This produced negligible changes In the stresses and 
frequencies. A plate thickness of .375 Inches was used. 

Equations for the variation In the moments of inertia, torsion constant, 
and area are given on the following page: 
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where 



- 1240 - 3.66Z (la) 

ly - 490.8 - 5.037Z + .014577.2 - .00000814Z* . . . (lb) 

, 155.729. - 1540.7. 3.807Z2 ,, . 

J • * (Ic) 

157.333 - .2703Z 

A - 22.6875 - .03801Z (Id) 

ly, and J have units of In'*, area has units of in2, and Z ia in 


inches. 



Th« applied loada ahcnm in Figura 2 product tht following bending monenta, 
corqua, and axial load dlatrlbuclona. 


M - M 
a xa 


M-M -rPL-PZ 
y yo X X 


M--M ♦PL-PZ 
X xa y y 


P - - P - 817.7 6.307Z - .005282Z^ (2d) 

t xa 

where momenta are in inch pounda, forcea in potinda, and Z and L in inchea. 


DeflacCion Analyaia of Mast 

The mast deflect Iona under the above loada can be computed by 
fundamental beam theory or by Caatigliano's Theorem. Uelng Caatigliano'a 
method we fiiat calculate the attain energy from 
, . M..2 M. ^ „ M 2 


1 « •• •• ij** 


from which we find deflections 


X 9P 


y K 


a - -I'L. 

% 3M • 

ya 


X dM 


Substituting Equations 2 into Equatioiu 4 and taking ths rsspsctivs dsrivstivss 
g!v«s 


r 

I 


f- 

>1 


I 




I 

I 

I 




6 - i ^ (M -f P L - P Z)(L - Z)dZ (5s) 

K E I ys X X 

y 

« - 4 ~ (-M > P L - P 7.)(L - Z)dZ (5b) 

y E 'o xa y y 

e-J/*'^(M -PL-fP Z)dZ (5c) 

X E 'o xa y y 

9 • 4 T- (H P L - P Z)dZ (5d) 

yE^oI ysx x 

». ■ 5 


Now subscituta the moments of inertia, Equation 1, and integrate. The 
expreasion for 6^ will be used aa an example of the procedure and the 
results for the other deflection given witliout details of algebra. 


vie, 


[(M + P L)L - P LZ - (M + P L)Z '*• P Z* ) 


JiS. 


^ AyO.8 - 5.037Z .014,57Z2 - .000,008, lAZ^ 

Normalize the Z coordinate by letting Z ■ 2 l and dZ ■■ LdZ. 


— dZ 


E Jo 


l(M + P L)L - (2P L + M )2 l + P L^Z^lIxlZ 
ya X X ya x 


490.8 - 5.037L2 + .014,57l2z2 - .000,008,14L^J!’ 


148 Inches 


,2 , l(M + P L) - (M > 2P UZ + P li^ldZ 

■ ill /I va X ys x x 

V J n 


* ^ ° 490.8 - 745.482 + 319. 14Z^ - 26.3882^ 

nm factor the demoninator into the form (1 + aZ)(l bZ)(l cZ) 

, l(M ♦ P L) - (M + 2P I.)2 + P 1.22 )dZ 
(-1 ‘ ya X ya x x ' 


k_ P 

n ut-' Jr 


490. 8E Jo 


(1. - .1082)(1. - .70532)2 



BIO 




j 


6 


X 


i90.AE 




(l.O 


dl 

.1087) (1.0 


4- 

7051 Z)* 


- (M ♦ 2P L) 

® (1.0 - .108Z) ( 1.0 


.7053Z)* 



( 1.0 


T?dZ 

.108Z) (1.0 


.7053Z)* 




These expressions can be integrated by reference to a book of integral 
tables. Hors algebraic isanipulation yields 


«x - ^ 13780 -»• 48.9 (6«) 

Similar wrk ior 6 , 0 , 6 and 6 yields 
y * j X 

- i (986.8 Py - 10.5 (6b) 

®x " E *’y ”xa* 

j (48.87 P^ + 1.107 1 (6d) 

ye. X yx 

0^ - (1.1428 (6e) 


In matrix form the results for the 20 x 11 mast made of .375 inch thick 
plate are 


f ^ 

6 

X 


3780 

0 

0 

48.87 

0 


P 

X 

6 

y 

1 

0 

986.8 

-10.5 

0 

0 


P 

y 

0 

X 

“ E 

0 

-10.5 

.1568 

0 

0 


M 

xa 

0 

y 


48.87 

0 

0 

1.107 

0 


M 

ya 

6 

*J 


0 

0 

0 

0 

1.1428 


M 

za 


Similar results for a 23 x 16.25 mast made of .5 inch thick plate are 


.(7a) 


Bll 


• 

«x 


' 1177 

0 

0 

16.5 

0 





0 

410 

4.409 

0 

0 


P 

y 

•x 

.1 

E 

0 

4.409 

.068 

0 

0 


H 

xa 



16.5 

0 

0 

.4515 

0 





0 

0 

0 

0 

.26 




(7b) 


Dyiuialc Analysia of KisC 

If we neglect the aaee of Che miiet And write the vquatlona uf motion 
fur the motor case - motor cradle • propeller and counterweight, the 
natural frequenciea of vibration can be found. I.et r^ be a poaltlon vector 
from chu center of gravity of the motor-propeller aaaembly to the end of 

a 

the mAHt (atatlon 148 Inchea) . Aaaume the m<>tor-propel ler aaaembly and 
that portion of the maat above atatlon 148 Inrhea to be rigid. Inertial 
and maaa proper tiea of the aasmbly <-an be found in Appendix A. 
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Assume simple harmonic motion 
X ■ A sin u)t 

X 

X ■ B sin litt 

y 

o ■ C sin b)t 

X 

a *0 sin U)t 

y 

a ■ E sin (lit 



and aubatltuta aquations (9) and (10) Into equations (8) and slnpllfy to get 
(18.A90 - 12.31 u) 2)A - 816,2000 - ISl.Allw^E - 0 
(105,750 - 12.31 u)2)b ♦ (7,081,800 4 - 215.37w2)c - 0 

8,933,483 B + (789,556,318 - 20,243.4«2)c - 0 (11) 

-1,139,960 A + (77,422,000 - 570u2)D - 0 
-18,490 A + 816,200 D ♦ (2,134,146 - 1479u)2)E - 0 
Solving these free vibration equations for the five natural frequencies and 
iBude shape gives: 


f 

!mODE 

i 

DESCRIPTION 

FREQUENCY (HZ) 

A 

B 

C ' 

D 

E 

r 

1 

L 

lateral bending 

3.5 

6.77 

0 

0 

.1 

.031 


fore and aft 

6.18 

0 

-8.5 

.1 

0 

0 


bend Ing 



_ . . 




3 

torsion or 

6.20 

1.865 

0 

0 

:02766 

-•1 ! 


pitching mode 






1 

4 

rolling mode 

39.0 

.0536 

0 

0 

.1 

.0004 

3 

yaw mode 

59.0 

0 

3.357 

.1 

0 

L" 


Each mode has been normalized to a maximum rotation of .1 radian, 
llie fore and aft benulng mode and the yaw mode are uncoupled from the lateral 
bending, pitching, and rolling modes. 

For a forced vibration analysis, propeller loads must be converted to an 
equivalent force system at the center of gravity of the motor assembly. The 
equations of motion of the motor assembly (11) would be modified by Including 
the magnitude of the harmonic applied loads on the right hand side of the 
equations and Interpreting u as the frequency of the applied loads and 
A,B,C,D, and E as the amplitudes of the resulting forced mutlo i. These five 
simultaneous equations can be solved for the amplitudes of forced motion from 
which the bending moments and twisting moment distribution can be computed 
via equatl:ns (9) and (2). 


Calculation of HAxlnum Static Stroaava 


The •axlmun static loads arc 600 Ibf thrust and 4200 In Ibf torque. 

At cero angle of attack the thrust force lies 2.49 inches above the center 
of gravity of the sattor - prop aasemhly. Tlie equivalent force system at 
the center of gravity for this wi>rst static condition w«>uld then be: 

P _ ■ -600 Ibf, M ^ + -4200 In Ibf, M ^ - 2.5(600) - 1500 In Ibf. 

yii y\j xi» 

Put these static loads on the right hand aide of equation (11) and set w • 0 
18,490 A - 816,200 1) - 0 
105,750 B + 7,081,800 C - -61X) 

8,933,483, B + 789.556,318 C - 1500 
-1,139,960 A 77,422,000 D - -4200 
-18,490 A + 810,200 I) + 2,134,146 E - 0 
Solving yields: A • -.006841 In 

B - -.02194 In 
C - .0002728 radian 
D - -.000155 radian 
E ■ 0.0 rod 

Inaert these deflections into equations (9) to get equivalent loads on top of 
mast 


p 

X 


.01849 

C 

0 

-.8162 

0 


-68.41 

p 

y 


0 

.10575 

7.0818 

0 

0 


-219.4 

M 

XJ 

- 10^* X 

0 

7.0818 

665.554 

0 

0 


2.728 

M 

ya 


-.8162 

0 

0 

63.13 

0 


-1.55 



0 

0 

0 

0 

26.25 


0 

L 
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.02 Ibf 


( 0 ) 


P - 


(-600) 

(- 12 , 000 ) 

(-4200) 

These rcaulCs could have been determined by reducing the propeller 
load* to an equivalent torce nyatem at the top of mast. The valuca above In 
parentheala Indicate reaulta obtained by atatlca. T)tla provldea a partial 
check on the equat Iona (11) and (9). 

Now substitute the loads Into equatlona (2). 


M 


xa 


M. 


y« 


sa 


-599.74 Ibf 
■ 12,024.8 In Ibf 

• -4201.5 In Ibf 

• 0 ( 0 ) 


M - -100,800 + 6007. 
My - -4200 
M - 0 


Normal stresa In the mast Is given by: 


M M 

y . X 

" I ^ r 


w 

y - A 


( 12 ) 


Moments of Inertia given by equations (1) when Inserted Into (12) gives 


0 


L±200l 

490.8 


X + 


(-lOO^SOOj 

f240 


5600 , 

^ “ 22.68 


0 . 


0 - 8.5575X - 81.290y - 247.0 
(?x ■ -5.5 In and y ■ 10.0 In 
0 ■ -1107 pal (compression) 

0x ■ 5.5 In, y • -10.0 In 
0 ■ 613 psl (tension) 

On the next page Is a table for properties, imiments, and stress at the 
quarter points of the mast. 
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z 

(In) 

X 

(In) 

Y 

(In) 

(In Ibf) 

(In^bf) 

(In*^) 

(i^) 

A 

(In^) 

0 (comp) 
(psl) 

0 (tension 
(p*l) 

0 

5.5 

10 

-100,800 

-42000 

1240 

490.8 

22.7 

1107 

613 

37 

4.56 

10 

-78,000 

-42000 

1104.6 

324. 

21.3 

1017 

513 

74 

3.63 

10 

-56,400 

-42000 

96^ . 1 

194.5 

19.9 

919 

401 

111 

2.69 

10 

-34,200 

-42000 

83).; 

100.1 

18.5 

791 

255 

148 

1.75 

10 

-12,000 

-42000 

697.3 

38.1 

17.1 

645 

85 


llie mast is constructed of standard structure steel plate with a yield 
stress of 36,000 pal. This gives an allowable stress of 12,000 psl and 
the maximum static stresses are well within this value. 

Tlie critical buckling stress can be calculated for the steel plate at the 
bottom of the mast assuming unrestrained edges (conservative). 


CR 12(l-p2) < b ^ 


. (A) (ir^) (30x10 ) ..375.3 
CR 10.92 ^ 20 ^ 


®CR " 38,000 psl (conservative) 

This stress Is above the yield point so the plate would buckle Inelastlcally. 
The allowable stress remains 12,000 psl. 

The recommended working stress for various welds of low carbon steel is 
16,000 psl for static loads and 8,000 psl for dynamic loads. Stress 
concentration factors up to 2 should be used for certain butt Joints with 
sharp corners. The edges of the roast welded to the base plate were beveled 
to eliminate the sharp corners. Even using the stress concentration factor 
and the working stress for dynamic loads, an allowable stress of AOOO psl Is 
obtained which is well above the tensile stress of 613 psl and the compressive 


* Spotts, M.F., Design of Machine Elements , 3rd ed., page 269. 


■ trcMB of 1107 pol on the baec weld. TIium the mnet le well within the 
allowable strrse llalte for etatlc loads. 

Calculation of Maximum Dynamic Stresaert 

At a apred of 300 RPN there la a harmonic thrust force of 18u Ibf and a 

tiarmonlc yaw moment of 6360 in Ibf with frequency twice the rotational 

■peed for a two blade propeller. Thle condition occurs at an .ingle ol attack 

of 12 degrees and Is the lowest frequency (17IIZ) excitation expected other 

than an unbalance In the propeller shaft. 17HZ Is well above the bending 

and torsion frequencies but is below the rolling and yawing frequencies. 

These load produce an equivalent force system at the center of gravity 

of P - -176.1 Ibf, P„ - 37.4 Ibf, M - 430 In lb, and M__ - 6360 In lb. 
yu 4u f.\» 

The moments of Inertia and center of gravity of the motor - propeller assembly 
are not changed significantly by a rotation of 12 degrees. Put the exciting 
forces and mom. nts on the right hand hide of equation (11) and Inserting 
ui • 16.66HZ ■ 104.7 radlans/sec gives: 

-116,493 A - 816,200 D - 1,660,296 E - 0 
-29,233 B + 9,443,400 C - -176.1 
8,933,483 B + 567,580,000 C - 450 

-1,139,960 A + 71,172,000 D - 0 > 

-18,490 A + 816,200 D - 14,083,600 E - 6360 

Solution of these equations for the dynamic displacements gives: 

A - 581.56 X 10“^ Inches 
B ■ 103.22 X 10“^ Inches 
C ■ -1.5454 X 10"^ radians 

D • 9.315 X 10“^ radians . 

E - -45.383 X 10"^ radians 
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These dlsplsccnents produce equlvslent loads on the top of the mast of 


- 31.5 Ibf, 

Py - -.3 Ibf, 

H - -2976 In Ibf, 
xa 

- 1134 In Ibf, 

M • 11,913 In Ibf, 

za ' * 

which produce momi'nts at the base of the hiMm of 


- 2932 In Ibf 
M - 5796 In Ihf 

y 

- 11,913 In Ibf. 


Tlie maximum dynamic stress is 


0 


5796 2932 5600 

"490.8 * 1240 ' '22.68 


o ■ -159 pal 
max 


at the base of the mast. 


0 . ■ -336 psl 

min ' 

At the lowest frequency expected, the vibrational modes of the mast 
are not excited. The magnitude of the exciting loads are also low which 
helps account for the low dynamic stresses. 

The absolutely worst case of failure would be to lose a propeller blade 
at low speed. This rotating unbalance would produce exciting loads at the 
center of gravity of 


P _ ■ -F cos ta)t 
xG o 

P - ■ F sin (i>t 
zG o 

M „ “ -94.7 F cos ut 
xG o 

M „ • -2.5 F cos ut 
y G o 

M - ■ -94.7 F cos ut 
z G o 
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At u ■■ 500 RPM or 52.36 rad/s«c, • m« whvre n !• the propeller 
blade maaa and e is the cencroldal d.iatance of the blade froa the propeller 
shaft. • 5000 Ibf for me • 1.8? ft-aluga. For w • 52.36 rad/sec 

equations (11) become: 

-15,231 A - 816,200 D - 415,110 E - Pj^(t) 

72,029 B i- 7,672,252 C - P^ (t) 

8,933,483 B •• 734,057,000 C - M (t) 

X A 

-1, 139,960 A + 75,859,000 D - M (t) 

-18,490 A + 816,200 D - 1,920,600 E - M^^(t) 

Now solve for the dynamic amplitudes resulting from F ■ Fj F 2 where 


0 ■ 


-5000 Ibf 

0 


0 

-473,500 

sin 52 t and F 2 • 

0 

0 


-12,500 In Ibf 

0 


-473,500 in Ibf 


For Fj 

72.03 B -f 7672.25 C - 0 
8933.5 B + 734,057 C • -473.5 
A - 0 

B ■ -.2319 Inches 
C ■ .002177 radians 
D - 0 
E - 0 

For F 2 

+15.23 A + 81612 D + 415.1 E - +5 
72.03 B + 7,672.25 C - 0 
8933.5 B + 734.057 C - 0 
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-lUO A 75,859 D - -12.5 
-18.49 A -f 816.2 D - 1920.6 E • 
A - -3.72 
B - 0 
C - 0 
D - -.056 
E - .2585 

Now combining equations (2) and (9) 




0 

8.56>4 

382.55 

0 

0 

M 

y 

50 

o 

■ 

1.92 

0 

0 

-57.668 

0 


1 

0 

0 

0 

• 0 

26.25 

For 







< 


0 

8.569 

382.55 

0 

0 


- 10® 

1.92 

0 

0 

-57.668 

0 

M 

z 

• 

0 

0 

0 

0 

26.25 

For Kj 








0 

8.569 

382.55 

0 

0 


50 

O 

■ 

1.92 

0 

0 

-57.668 

0 

M 

z 


0 

0 

0 

0 

26.25 


473.5 



0 

-.2319 

.002177 

0 

0 


-3.72 

0 

0 

-.056 

.2585 


- 1.154 X 10^ sin 52t 

My - -3.913 X 10® cos 52t 

M • 6.785 X 10® cos 52t 
z 


sin 52t 


cos 52t 
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ff . 3.913 K 10* cJ» 52t ^ ^ -I.ISA k 10* t i n i2t ^ -f 3000 ■ In 32t 

490.8 1240 22. b8 

o - -7973 X cox 32t - 930.6 y sin 32t - 247 •»> 220. S xin 32t 


&>nxidcr 

three 

points on 

the croxx-xcetlon located at 

X ■ 

0 

y - -10 

pt a 

X ■ 

5.5 

o 

e 

pt c 

X • 

5.5 

y - 10 

pt b 


a • 9306 xln 32 t - 247 220 xln 52t 

M 

0 “ 9526 xln 52t - 247 

a 

0 - -43.852 cox 52t - 247 + 220 xln 52t 

c 

- -43,852 cox 52t -»> <»306 xln 52t - 247 +220 xln 52t 

D 

0 • -43,852 cox 52t + 9526 xln 52t - 247 

n 

0 . • 44,875 xln (52t - 1.36) -247 

D 


point 

max tensile stress 

max comp, stress 

a 

9279 

9773 

b 

44,628 

45,122 

c 

43,605 

44,099 


n»cac strexxcx arc greater than the yield xtress hut leas than the 
ultimate xtrexx. It is poxsible that the maxt would hold together until 
the motors could he stopped. 

Calculation of Hold Down Bolt Stresses 
The mast lx connected to the balance rystem by four 3/4 Inch 16NF 
bolts three Inches long with a recooanended yield strength of 100,000 psl 
(Figure 3). These bolts are subjected to essentially the loads at the base 
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of th« Mat. apacifically M • 2932 in lb, H " 5707 in lb, and M ■ 11,913 

m j • 

in lb (or cha naxlauai dynaaic loada at 17HZ. For tha bolta ■ 

.3724 (9.5)^ X 4 ■ 134.4 In'* whara .3724 ia tha araa at tha root of tha bolt 


thraada. - .3724 (6.8)* x 4 • 69 in'*. 
N H 
X y 


- 2932 .. . 5795 

o - 13573 (9.5) ♦ (6.8) 


0 ■ 778,3 pal 

■ 2V X d whara V la tha ahaar forc«* on a belt and d la tha diagonal 
diatanra botwaen tha bolta. Tha four bolta fom two couplaa V x d which 

a 

raalat 

a 


V ^ - II.’O 

2d 2(23.86) 


252 Ibf 


T • 


V 

A 


252 
*. 1724 


T “ 677 pal 


Thaaa dynamic atrcaaaa are well within the allowable atreaa fi^r the bolt 
material wlilch la ral " 5 * 5 (100,000) ■ 16,667 pal. 

Thu maximum atatic loada are M > 100,800 In lbs and H •• 4200 In Iba. 

** y 


M H 

r y ♦ I * 

X y 


® - -—^75^ (9.5) ♦ (6.8) 


0 • 7539 pal 


823 


RcHltClng the bendlnt moaenti by a couple doea not taka Into account the 
area In bearing which la such greater than the bole area. Ihua the above 
atreaaea are conaervatlve. Fcr bolted Jolnta carrying auaenta It la 
dralreuble that the bolta be torqued to provide a bolt pre-load which la 
at lenat equal to 1.2S M divided by the aectlon aodulua of the contact 
area tiaea the contact area. 


A - 16.75 (23.5) - 394 In^ 


- (16.75)(23.5)3 

^ ■ - ■ li. V i 


(23.5X16.75)* 

^ - — - 1 -67 75 72 - 1 °’’ 


_ 1.25 M A 

TpRE - at - 


1.25 (1 00.800) (394) - 32,194 lb 
(1542) 


T - 8049 lb 
'^PRE 


_ 1.25 M A 

- 4T - 3L 


1.25 (4?00)(394) - 1882 lb 
(1099) 


T - 471 lb 


Thua a bolt pre-lo.-'d of 8049 lb per bolt la necenaary to keep the Joint 
In compreaalon. Thxa la a atreas of 21,614 pal, well lean than .5 oe ■ 

50,000 pal. A torque of 100 ft Ibf on the bolta would be required to induce 

* 

a loact of 8049 Ibf. Thla value la obtained from Torcue • .2d T • 

(.2) <8049) ft Ibf. 

If a propeller blade was loat, the dynamic louda induced would be 
sufficient to ^all the hold down bolta although the reat of the atructure 
(mast) would remain Intact. 


* 


Ibid., 


page 204 . 


B24 


k t * 


Appvndlx A 

Incrtlxl Propartlaa of Hi>tor - Cradli* - Count«rw«lght 


ITEM 

Weight 

Y> 

z‘ 

WY‘ 

WZ* 

wy‘^ 

WZ*^ 


'\c 


(If) 

(In) 

(In) 

(In lb) 

(In lb) 

(ln2lb) 

(ln2lb) 

(Inhb) 

(In^lb) 

Motor 

2000 

-40 

20 

-80 

40 

3200 

800 

35 

1350 

Prop 

100 

-107 

20 

-10.7 

2 

1145 

40 

40 

0 

Counti*rw«lght 

1700 

24 

18 

40.8 

10.6 

979 

551 

20 

90 

Actuator 

60 

24 

5 

1.44 

.3 

34.6 

1.5 

8 

0 

Top of Maat 

150 

0 

3 

0 

.45 

0 

1.35 

0 

40 

Channel 

312 

-17 

14 

-5.3 

4.37 

90.17 

61 

5 

410 

Square B.ira 

120 

6 

16 

.72 ' 

1.92 

4.3 

31 

3 

90 

Thick Channel 

60 

-25 

12 

-1.5 

.72 

37.5 

8.6 

0 

16 

Hubs & Balance 40 

-98 

20 

-3.92 

.8 

384 

16 

0 

0 

Miac. 

200 

0 

10 

0 

2 

0 

20 

10 

0 

Pivot 

8 

-12 

5 

0 

0 

0 

0 

0 

0 


4750 



-58,460 

83,160 5 

,875,000 1,530,000 

122,000 

1,996,000 


r -58.A60 
* ■ "I753~ • 

— 83,160 ,, , 

z ■ -j|55- - n.5 

i2 

iM • rwY* + r.wz* iM 

X xc 

IMjj - (5.875 + 1.53 + 1.99b)10* lb In^ 

IM - 9.401 X 10^ lb In^ 


IM„ - 9.401 X 10^ - 4750 (12.32 ^ 17.52) 
Gx 


- 7.23 X 10^ lb In^ 


IM- - 18,725 
Gx 
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IM • rwz» ♦ IM 

y yc 

IM • (1.53 ♦ .122)10‘ lb In* • 1.634 x 10* lb In* 

y 

IHg - 1.654 X 10* - 4750 (17.5)* - .20 x 10* lb In* 


IMp ■ 511 x«c*- in 


IM - nrt* -f IM.^ 

x tc 


IM - 5.875 X 10* 1.996 x 10* - 7.871 x 10* lb In^ 


IM^ - 7.871 x 10* - 4750 (12.3)* 

uS 

- 18,529 x«c* - in 


Th«x« nomcntx of inertia about the centroidal x^, y^, x^ axea differ alightly 
from the ones used in the calculations due to slight changes in the design 
oxide after the computations wore completed. The variations are small enough 
titat the results are essentially unaffected. 


\ 


I 



Motor Case Motor Cradle 



Bl. Propeller Test Stand. 







